The number of actin binding proteins for which (part of) the three-dimensional structure is known, is steadily increasing. This has led to a picture in which defined structural modules with actin binding capacity are shared between different actin binding proteins. A classification of these based on their common three-dimensional modules appears a logical future step and in this review we provide an initial list starting from the currently known structures. The discussed cases illustrate that a comparison of the similarities and variations within the common structural actin binding unit of different members of a particular class may ultimately provide shortcuts for defining their actin target site and for understanding their effect on actin dynamics. Within this concept, the multitude of possible interactions by an extensive, and still increasing, list of actin binding proteins becomes manageable because they can be presented as variations upon a limited number of structural themes. We discuss the possible evolutionary routes that may have produced the present array of actin binding modules. ß
Introduction
Actin is the main component of the micro¢lament system in all eukaryotic cells and central in their basic functions ranging from muscle contraction, cell crawling, cytokinesis, cytoplasmic organisation to intracellular transport. It is one of the most conserved proteins in eukaryote evolution, e.g. actin of human and of the protist Euplotes crassa still share 61% identity or 78.2% similarity and chordate muscle actin and lamprey (Lampetra £uviatilis) actin di¡er only in four out of 375 amino acids rendering actin even more conserved in evolution than histone H4 [1] . This extreme conservation of the actin structure basically re£ects two important characteristics of the molecule: ¢rst, the capability to self-assemble into polymers (F-actin) and second, the property to interact with a multitude of actin-binding proteins regulating this assembly or using this assembly as a scaffold. While elucidation of the three-dimensional structure of monomeric actin (G-actin) [2] and the subsequent modelling of the ¢lament [3] was informative for the identi¢cation of sequences responsible for actin^actin contacts, the location of subdomains or regions of actin involved in binding to the various regulatory proteins is only starting to be unravelled. The atomic structures of three of these proteins: gelsolin segment 1 [4] , bovine pro¢lin [5] and DNase I [2] have been solved in complex with actin. In addition, part of or the complete structures of about 25 actin-binding proteins are known today. Combined with the wealth of data derived from biochemical and molecular biology approaches, the emerging picture, although far from complete, appears to be that only a limited part of actin's surface is being recognised. Consequently, in view of the large number of actin-binding proteins with both diverse and overlapping functions in regulating actin dynamics, the following questions arise. First, how do all these di¡er-ent proteins interact with similar parts of actin and second, have actin-binding sites evolved from a limited number of structural themes? Identifying these common themes will ultimately lead to a new classi¢cation, thereby replacing the traditional classi¢ca-tion according to function.
In this review, after a brief survey of the evolutionary aspects of both actin and actin-binding proteins, we will discuss recent results that contribute to answering the above questions, we focus on a few already identi¢ed actin-binding units and expatiate upon the variations found in di¡erent proteins using the same unit by tracing the di¡erent scenarios of actin interaction developed in these actin-binding proteins.
Evolutionary aspects of actin and actin-binding proteins
Actin is a very ancient molecule and is generally believed to ¢nd its origin at the onset of eukaryotic Hs, Homo sapiens; Xl, Xenopus laevis; Dm, Drosophila melanogaster; Dd, Dictyostelium discoidium; Sc; Saccharomyces cerevisiae; At, Arabidopsis thalliania. Sequences were aligned using Pile Up (gap weight 12, gap-length weight 4), GCG Wisconsin version 9, and distances were calculated (threshold of comparison 2 denominator: length of shorter sequence without gaps, PAM 250 amino acid substitution matrix). life 1.5^2 billion years ago [6] . As most families of actin-binding proteins are present in all branches of the eukaryotic kingdom, they also must originate from early eukaryotes. The large amount of sequence information available, forms, in combination with the structural data, the necessary basis to reconstruct past events that have led to the contemporary actin system, thereby helping us to get a clearer view on this complex array of interacting protein families.
At present, over 180 unique full-length actin sequences (and an additional 42 partial) are listed in the Swiss Prot database (release 36). These actins are from a wide variety of organisms ranging from protists, fungi, plants to invertebrate and vertebrate animals. As sequence conservation is very high (illustrated for a small set of actins from evolutionary divergent species in Table 1 ), aligning these sequences is straightforward. For a recently published alignment of numerous actins and a phylogenetic tree, we refer to Sheterline et al. [7] . The highest number of amino acid substitutions, (very short) deletions or insertions are found in actins from lower eukaryotes, and to a lesser extent from plants. Reports on actins di¡erent in some functional characteristics such as DNase I-or phalloidin-binding usually concern these family members. Fig. 1 shows the tertiary actin structure originally determined by Kabsch et al. [2] using the K-skeletal muscle actin^DNase I complex. Later on, McLaughlin et al. [4] and Schutt et al. [5] respectively determined the K-actin^gelsolin segment 1 and the L-actin^pro¢lin structures showing only minor di¡erences in the actin structure at the interfaces with the actinbinding proteins, at the NH 2 -and COOH-termini or Fig. 1 . Representation of the three-dimensional structure of actin with a nucleotide and divalent cation (shown in blue) bound in the central cleft [2] ; K-helices are shown in red and L-strands in yellow. The four subdomains and the NH 2 -(N) and COOH-(C) terminus are indicated.
in the rotation of the domains. Actin appears as a relatively £at, two-lobed molecule with a nucleotide and a divalent cation bound in the central cleft between the two lobes. Each lobe-shaped domain is divided in two subdomains. Primary structure alignments reveal parts of the actin sequence that are more prone to variation than others and mapping these regions onto the three-dimensional structure of the actin monomer may lead to an interpretation in terms of ligand interaction or ¢lament assembly. The highest conservation is found in the interior of the protein and in extensive parts of the two lower subdomains 1 and 3. In recent years it has become evident that the strong sequence conservation of this interior part of the protein does not merely re£ect à sca¡olding' function, but tells a tale of ancestry. This core appears to be an ancient nucleotide-binding pocket also found in other eukaryotic and prokaryotic proteins with very diverse functions [8^10]. For a description of the common fold (generally termed the`actin fold') of this superfamily and a detailed comparison of the di¡erent family members we refer to [11, 12] .
This conservation within the actin superfamily clearly is informative in elucidating common properties, such as the conformations of open and closed states coupled to interdomain motions around hinge regions or the mechanisms of nucleotide hydrolysis. Conversely, within the parts divergent from other superfamily members, the degree of conservation between the di¡erent actins may depend on whether these sequences are involved in general functions, e.g. in F-actin assembly, or not.
Indeed, when involved in actin^actin contacts, the sequences are largely conserved. Based on the ¢la-ment model of Holmes et al. [3] , the regions contributing to longitudinal actin ¢lament contacts are located in subdomain 3 (residues 166^169, 286^289, 322^325), subdomain 4 (residues 202^204, 243^245), subdomain 1 (residue 375) and in subdomain 2 (residues 40^45). Of these actin^actin contacts the latter, also termed the DNase-binding loop, is least conserved; it contains plenty of amino acid exchanges, especially in actins from protists, fungi and plants. Several studies demonstrated that this region of actin is locally very £exible [4,13^15] and this capacity on its own may be su¤cient to compensate for the higher mutational tolerance. In accordance, actin divergent in this region, e.g. from Tetrahymena [16] and Trypanosoma [17] has been shown to self-assemble or copolymerise with skeletal muscle actin.
The higher variability in regions not belonging to the core or not involved in self-assembly may re£ect isoform-speci¢c function or adaptation to speci¢c ligands. One example is formed by the extreme NH 2 -terminus. All actins contain acidic residues in this part of their sequence, but di¡erences do occur and were in fact used to classify vertebrate actins [18, 19] . 1 H-NMR spectroscopy suggested that in F-actin, the NH 2 -terminus protrudes from the ¢lament as a highly mobile sticky`¢shing-rod' [20] . Consequently, sequence variation within this arm may modulate the a¤nity of the respective actins for target actin-binding proteins. Indeed, the acidic NH 2 -terminus, although shown not to be essential in yeast [21] , has been implicated in the interaction with several actin-binding proteins (e.g. [22^24]). For instance, the presence and number of these acidic residues was demonstrated to be important in weak binding of myosin to actin ¢laments, in its transition to rigor binding and in force generation [25] . This is also re£ected in the higher sliding e¤ciency of skeletal muscle actin observed in in vitro motility assays compared to that of non-muscle isoforms; the former isoform always carries four negative charges in its NH 2 -terminus [26] . Hs, homo sapiens; Xb, Xenopus borealis ; Dm, Drosophila melanogaster; Dd, Dictyostelium discoidium; Sc, Saccharomyces cerevisiae; At, Arabidopsis thalliania. Sequences were aligned using Pile Up (gap weight 12, gap-length weight 4), GCG Wisconsin version 9, and distances were calculated (threshold of comparison 2 denominator: length of shorter sequence without gaps, PAM 250 amino acid substitution matrix). a In each case, we used the sequence present as L-strand^K-helix^L-strand in the crystal structure and known to be important for actin interaction (see later Fig. 3A^C ).
However, actin-binding proteins do not necessarily only interact with the more variable regions on actins. Gelsolin segment 1 and pro¢lin, for example, contact actin by wedging between the highly conserved subdomains 1 and 3. Also, the contact site of DNase I in subdomain 4 (residues 203^207) has been conserved between di¡erent actins. In these cases, the actin-binding proteins exert their e¡ect by overlapping with or mimicking of actin^actin contacts.
It can be expected that, where in actin^as is evident from above^mutations have been selected against for reason of multifunctionality (i.e. ATPase activity, self-association and ligand interaction), actin-binding proteins will have evolved more freely. Indeed, when considering one actin-binding family across the whole phylogenetic tree, overall variation is usually much higher. Mammalian pro¢lins show less than 30% identity to pro¢lins from lower eukaryotes and plants [27] . Cyclase-associated protein (CAP) homologues in mammals, yeast and Dictyostelium are approximately 40% identical [28] . Amino acid sequences of members of the co¢lin family from species of di¡erent phyla are only 45^59% similar (Table 2, upper part); this is excluding drebrins, Dictyostelium coactosin and yeast Abp1p which are even more divergent [29] . Similarly, low eukaryote members of the gelsolin family display about 42^58% similarity to the NH 2 -terminal half of human gelsolin. In having stayed 72^80% identical between vertebrate and invertebrate species [30] , the L-thymosins form an exception, most probably due to their small size (43 amino acids) and consequently high percentage of essential residues.
However, when only the region important in establishing the actin contact is considered, similarity within one family of actin-binding proteins is often higher. We present two case examples in Tables 2  and 3 . One concerns co¢lins from evolutionary divergent species, the other the homologous segment 1 domains from members of the gelsolin family (sensu latiore) from the same or di¡erent species. As pointed out above, co¢lins from species of di¡erent phyla share about 45^59% similarity (Table 2, upper right). A major determinant in actin recognition in these proteins is a long K-helical structure [31, 32] £anked by L-strands important for sca¡olding the helix [33] (see also below Fig. 3B ). The similarity of this region (L-strand^K-helix^L-strand) is signi¢-cantly higher (57^74%, Table 2 , lower left) than the one of the intact protein (45^59%, Table 2 , upper right).
One can make the same exercise for segment 1 from gelsolin and gelsolin-related proteins. These proteins are built up from either three, ¢ve or six repeated segments [34^37] . In general, segment 1 is the most conserved domain 1 and important in capping actin ¢laments [38] . From the crystal structure of the gelsolin segment 1^actin complex [4] the residues important for contacting actin can be derived. Again, a major determinant is formed by an K-helix £anked by sca¡olding L-strands 2 (see also Fig. 3A ). With one exception, the similarity of this region (Table 3, lower left) is higher than the similarities of the entire segment 1 domain (Table 3 , upper right, usually 10^15% higher).
For a number of actin-binding proteins, the actin interaction is, however, but one of many functions and consequently the latter will also have imposed evolutionary pressure on parts of the molecule. Among the 35 known pro¢lins, only 18 residues are more than 80% conserved, eight of these form the polyproline-binding site and only two are involved in actin-binding [27] . Similarly, an extensive alignment of 82 myosin head domains reveals a higher degree of conservation within the nucleotide-binding pocket than in the actin-binding site [39] .
Structure^function relationships of actin-binding proteins: towards a new classi¢cation
Up to now, the actin-binding proteins have usually been classi¢ed according to their functional properties and/or e¡ect on actin organisation, leading to groupings such as actin monomer-binding proteins, capping proteins, crosslinking proteins, membrane-associated proteins and so forth. However, in recent years, some actin-binding proteins, e.g. co¢lin, gelsolin and pro¢lin [38,40^42] , have been shown to possess multifunctionality in their actin interaction obliging their classi¢cation into more than one group. In addition, it is evident that proteins from several of these groups, e.g. lateral binding proteins, actin severing proteins and crosslinking proteins, may all contact F-actin at similar sites. The calculated accessible surface per subunit in the actin ¢lament 3 is 17052 A î (compared to 19856 A î for an actin monomer) and whereas this is still substantial, the currently identi¢ed di¡erent types of actin-binding proteins (more than 60) are liable to display some overlap in their target sites or may at least share some common binding features. In this respect, no less than eight actin-binding proteins have already been shown to bind the actin ¢lament on overlapping sites, designated as`binding hot spots' by McGough [44] (see Fig. 2 
in [44]).
As already hinted at by Pollard [45] , a classi¢ca-tion based upon the structural aspects of the actinbinding part of these proteins possibly forms a suitable and simplifying alternative. An initial grouping, mainly based on aligning primary structures, was at that time limited to linear actin-binding motifs [46] . However, today, the three-dimensional structures of more and more actin-binding proteins are being solved at atomic resolution, allowing the identi¢ca-tion of a number of structural actin-binding modules on which this new classi¢cation will be based. In a number of cases, these modules are not only common to members within one of the traditional families, but also appear to be used by actin-binding proteins that belonged to a di¡erent family if a classi¢cation based on function is used. Therefore, links are established between families that were previously considered to be unrelated. These ¢ndings strengthen a new tendency in the ¢eld that evolution has produced only a limited number of actin-binding units. These have been`incorporated' into di¡erent protein backgrounds and evolved to render proteins with either: (1) di¡erent e¡ects on actin dynamics; or (2) a similar e¡ect, but under a di¡erent regulation or coupled to a domain with an unrelated function. Together this gave rise to the strong diversity and the (apparent) redundancy characteristic of the current system of actin-binding proteins.
Evidently, a modular build-up is far from being a unique feature of actin-binding proteins; domain shu¥ing and the resulting combinatorial advantage has been the basis of protein evolution and examples of mosaic proteins are numerous: SH2, SH3, WD, PH, FH, and PTB domains, the leucine zipper and ankyrin repeat are only a few well-known examples Pp, Physarum polycephalum; Lt, Lumbricus terrestris ; Mm, Mus musculus ; Ha, Homerus americanus; Fragm., fragmin; Gels., gelsolin; Adsev., adseverin; Vil., villin. Sequences were aligned using Pile Up (gap weight 12, gap-length weight 4), GCG Wisconsin version 9, and distances were calculated (threshold of comparison 2 denominator: length of shorter sequence without gaps, PAM 250 amino acid substitution matrix). a In each case, we used the sequence present as L-strand^K-helix^L-strand in the crystal structure and known to be important for actin interaction (see later Fig. 3A^C ).
of widely distributed domains observed in various combinations in eukaryotic proteins [47] . However, using this concept, one looks di¡erently at the complexity of the actin system and ultimately we believe it will provide an extensive simpli¢cation, certainly in view of the fact that only 1000 [48] to 8000 [49] fold types are estimated to be in use in the currently existing proteins. Doolittle [47] even suggests that less than 20 ancient domain types may have been su¤-cient to generate the total current protein fold inventory. Consequently, more unexpected structural relationships between actin-binding proteins may be forthcoming. Most actin-binding protein families are found across the whole phylogenetic tree, indicating that their ancestral genes were formed before or at the start-point of the radiation of the eukaryotic kingdom. Evidently, the interfamily relationships will also be ancient and only obvious from a comparison of tertiary structures, which, unfortunately, for many of the actin-binding proteins are still lacking. The strategy in setting up this classi¢cation will be to look for common structural features and only in a second step to understand how similar modules may have been adopted to function in more speci¢c ways. Table 4 and Fig. 2 provide an overview of the currently recognised actin-binding modules (references in Table 4 ): the gelsolin fold (common to the gelsolin and co¢lin family), the pro¢lin structure (overall similar to the gelsolin fold but based on a di¡erent topology), the villin headpiece F-actin-binding module (whether the active fold of thymosin L4 (TL4) is possibly related to the headpiece fold is discussed below), the calponin homology domain (present in both well-known actin-binding proteins and in proteins involved in signal transduction), the scruin L-propeller fold (also connected with actinbinding in Drosophila Kelch and Physarum actinf ragmin kinase), the myosin head domain (in which an ancient ATP-binding core, shared with microtubule motors and small G-proteins, has been recognised), and the hisactophilin fold (a L-barrel con¢g-uration strikingly similar to the non-homologous proteins interleukin-1L and ¢broblast growth factor [82] and also present as a four-fold repeated domain in the actin bundling protein fascin (A. Fedorov, L. Fedorov, S. Ono, F. Matsumura and S. Almo, personal communication). We also include DNase I in the list, although it is not yet clear whether its high Table 4 , same order). All structures (except A) are taken from the Protein Data Base (Brookhaven National Laboratory) and the respective accession codes are listed. The drawings were generated using MOLSCRIPT [85] . K-Helices and L-strands are shown in red and yellow, respectively (except in D where the two all-K-CH domains are drawn in orange and red); the NH 2 -(N) and COOH-(C) termini are indicated. In E, the threedimensional structure of the non-actin-binding protein galactose oxidase [84] is shown to illustrate the described fold (left) whereas the hypothetical related fold for the two scruin domains is shown on the right [86] . a The three-dimensional structure of these proteins has not yet been determined. They are incorporated on the basis of sequence homology and/or structure prediction.
a¤nity interaction to actin bears physiological relevance (the three last proteins in this list are not further discussed). As stated above, too few three-dimensional structures are elucidated as yet to present a ¢nal classi¢-cation of actin-binding proteins. However, the present data do allow to trace how the currently known actin-binding modules have been adapted for their diverse regulation of actin dynamics in different actin-binding proteins. We present two scenarios which apply for most actin-binding proteins, although new scenarios or variations on a theme may pop up.
3.1. Scenario 1: structurally similar actin-binding units have evolved to modules that recognise di¡erent parts of the actin molecule and either have di¡erent actin-binding properties or work together in generating the actin-binding site
Our ¢rst example here concerns the di¡erent segments of gelsolin and its related proteins. As already mentioned above, these proteins have a segmental build-up, probably arisen by multiple gene duplication. The recent elucidation of the gelsolin three-dimensional structure by Burtnick and colleagues [50] provided ultimate proof to the generally accepted assumption that the six homologous repeats of gelsolin all have the same fold. Those residues that, as sequence alignments show, are most conserved, appear important in forming the core of the domains and underlie the formation and packing of the secondary elements. Burtnick et al. [50] observed that the high degree of sequence identity in these structurally important regions within other members of the gelsolin family allows to assume similar folds and geometry's for their corresponding domains. Despite this common basis, di¡erent segments (S1, S2 and S4 in the case of gelsolin [87, 88] ; and S1, S2 and S5 in the case of adseverin [89] ) display di¡erent actinbinding properties. Gelsolin S1 and S4 (S5 in adseverin) bind actin monomers, S1 can additionally cap ¢laments, whereas S2 only associates with the side of actin ¢laments [38] .
The three-dimensional structure of gelsolin segment 1, solved as a complex with K-actin [4] (Fig.  2A) , shows that the actin interaction of segment 1 is mainly mediated through several hydrophobic residues belonging to a long K-helix (residues 95^112 in plasma gelsolin) that packs on one side of a central L-sheet. The residues participating in the actin interaction are from the surface side of the helix and from the loops connecting the helix with the Lstrands [4] . The sequence`L-K-L', assigned DK 1 E in the study of Burtnick et al. [50] , in its particular conformation can be considered to form the actinbinding structural motif of segments 1 of these proteins (Fig. 3A) . The topology diagram of gelsolin (S1 and S2 in Fig. 3A, Fig. 2 in [50] ) shows that this same structural motif is present in all gelsolin segments.
Recent results obtained in our laboratory demonstrate that, next to regions in the NH 2 -terminus of S2 (identi¢ed by Sun et al. [92] and Kwiatkowski et al. [36] ), the DK 1 E module of segment 2 is also involved in establishing the actin contact. Using a peptide mimetic, we showed that the sequence 198^227 that spans L-strand D and K-helix K 1 (of which in the peptide only K 1 is probably adopting the correct fold), is involved in actin-binding [93] . This peptide inhibits F-actin-binding by segments 2^3 and severing by total gelsolin, stressing that the peptide binds to the segment 2 target site of gelsolin on the actin ¢lament.
Consequently, positionally similar parts of segments 1 and 2 participate in the actin contact or, di¡erently put, segments 1 and 2 possess the same actin-binding structural motif. However, it is very evident they do not bind similarly to actin. Pope et al. [87] showed that S1 and S2^3 can interact with actin simultaneously. We showed that a peptide corresponding to the actin-binding helix of segment 1 does not interfere with S2^3-binding whereas the one from segment 2 does [32] . The actin^gelsolin S1 co-crystal [4] revealed that segment 1 binds in a cleft between subdomains 1 and 3 at the barbed end of the actin molecule, thereby mainly contacting the lower front face and bottom edge of subdomain 1 (orientation as in Fig. 1 ). The-binding site of segment 2 is not yet clearly de¢ned but it is generally modelled to bind along the ¢lament, contacting two subunits within one ¢lament strand of the double helix [68, 94, 95] . Together, these combined di¡erential-binding modes of segments 1 and 2 are believed to mediate the severing activity of gelsolin and related proteins. Sequence comparison of the DK 1 E module, and, in particular, of the surface residues of the actin-binding helices K 1 , demonstrates on what this difference in actin target site for the modules of S1 and S2 is likely based (Fig. 3D) . The S1 hydrophobic residues Ile-103 and Val-106, essential in the S1^actin contact, are not conserved in the K-helix of S2 of which the surface side is overall more (positively) charged.
In conclusion, what we are looking at in comparing S1 and S2 is the result of evolutionary sequence variation within the surface region of an identical structural module; a result that proved to be stable due to the gain in function (from only capping or severing to capping and severing).
Actin-binding by the Limulus protein scruin forms a second example. This 102-kDa protein consists of two homologous domains (32% identity [75] ) connected by a calmodulin-binding linker region [96] . Scruin binds actin protomers and is essential in the formation of the Limulus acrosomal process, a tightly packed bundle of approximately 100 scruindecorated actin ¢laments [97] . Helical reconstructions of single ¢laments (13A î resolution) from this bundle [73, 74] demonstrated that the two scruin domains bind adjacent actin monomers along the one start helical actin ¢lament. The scruin amino acid sequence revealed the presence of six 50-amino acid repeats in each domain module, characteristic of thè superbarrel' structural fold found in the sialidase family of proteins [75, 76] (Fig. 2E) . Other actin-binding proteins are, by sequence homology, predicted to have the same fold: (1) the Physarum actin^fragmin kinase [77] that phosphorylates actin on subdomain 4 in the actin^fragmin complex [98] ; and (2) the Drosophila Kelch gene product (ORF1) that is suggested to function in packing actin ¢lament bundles in the actin-rich ring canals through which nurse cells are connected with the developing oocyte [99^101]. In scruin, each hypothetical six-bladed L-propeller-fold is suggested to form one actin-binding side (see below) and by combining cysteine modi¢cation with peptide mimetics, Sun et al. [86] suggested that the region around Cys-837 is part of the actin-binding site of the second domain.
By correlating electron microscopy images of single scruin-decorated ¢laments to the Holmes F-actin model, Schmid and colleagues [74] determined the actin sequences to which each of the scruin domains binds. One domain binds the front face (as in Fig. 1 ) of subdomain 3 of a ¢rst actin subunit, whereas the second contacts the back of subdomain 1 of the next subunit along the genetic helix. Unfortunately, the high resolution structure of the scruin protein itself or in contact with actin are not yet available to elucidate the actin-binding interfaces of each of the two scruin domains. But evidently, these two homologous actin-binding structural modules of scruin contact di¡erent parts of the actin molecule. However, as stated by Schmid et al. [74] and in view of the duplicative origin of actin subdomains 1 and 3 [2] , the sequences contacted by each scruin repeat in the different actin subdomains are related, namely the helix^loop^L-sheets 107^137 and 308^330, respectively. Thus, after gene duplication, these modules in scruin appear to have evolved to bind di¡erent, though related actin target sequences.
A third example is found within the family of actin crosslinking proteins, such as L-spectrin, K-actinin, ¢mbrin, ¢lamin, cortexillin I and II, ABP-120, dystrophin and utrophin which have an actin-binding domain of approximately 27 kDa in common ([102^104] and references therein). The global buildup of these proteins is extremely modular: most contain, next to the actin-binding domain, a dimerising C Fig. 3 . Topology diagrams of gelsolin segment 1, gelsolin segment 2 (A) [50] , yeast co¢lin (B) [33] and bovine pro¢lin (C) [5] . The start and end of the proteins or protein domains are indicated, K-helices are shown as circles, L-strands as triangles. The notations for the latter (A, AP, B, C, CP, D, E) are based on those of gelsolin as used by Burtnick et al. [50] . The part corresponding to the actinbinding structural DK 1 E module is boxed (dotted line). The long helix K 1 with actin-binding activity is shown in orange in each protein. The topology diagrams were generated using the TOPS programme [90] and the atlas of topology cartoons [91] (http:/tops.ebi. ac.uk/tops). (Bottom panel) Helical wheel presentation of the actin-binding K-helix (corresponding to K 1 in the topology diagrams) of gelsolin segment 1, gelsolin segment 2 and vertebrate co¢lin. The basic residues conserved between the latter two are indicated and coloured blue, as well as their non-conserved counterparts in gelsolin segment 1. In green are shown the hydrophobic residues of the gelsolin segment 1 actin-binding helix crucial in the actin interaction and their non-conserved counterparts in gelsolin segment 2 and co¢lin.
domain that itself is either a repeat of an all-K domain (`spectrin' repeat [105] ) or all-L domain (Ig-like [106] ) or which contains a myosin-tail-like coiled-coil forming region [107] . In addition, some proteins from this family have regulatory domains that bind calcium [108] . Fimbrin does not dimerise, but contains a tandem pair of the þ 275 residue long actinbinding domain [109] .
Sequence analysis [109] and image reconstruction from electron microscopy [110] revealed that the common actin-binding domain actually consists of two homologous repeats. The identity of these repeats within one protein or between proteins is relatively low: 15^20% (35^45% similar), but su¤cient to suggest a similar tertiary fold. This was recently con¢rmed through the elucidation of the three-dimensional structure of one of these repeats of L-spectrin [67] and two consecutive repeats of ¢mbrin [69] . These data demonstrate that each repeat is an independently folded, structurally homologous domain that consists of four major K-helices connected by long loops, some of which form less regular helical segments (Fig. 2D) . Goldsmith et al. [69] show that the two repeats are connected by an extension of the last helix of the ¢rst repeat. They suggest that the orientation between the two repeats will be similar in related crosslinking proteins (see above) as the residues that interact within the interface of the repeats, are conserved. The independent nature of the repeat is additionally con¢rmed by the fact that this module is present in a single form in the NH 2 -terminus of proteins of the calponin family [111] (reviewed in [112] ) and interestingly, as well in a number of proteins involved in cdc42 and rac signalling [72] . From the homology with calponin stems the name for this repeat: calponin homology or CH domain.
Electron microscopy data and low-resolution helical reconstructions [68, 70] , supported by earlier in vitro [113] and in vivo [114] results, indicate that the CH^CH dimer of ¢mbrin and K-actinin docks on the actin ¢lament in the concave surface between two actin subunits in the same ¢lament strand, contacting subdomains 1 and 2 of the lower and subdomain 1 of the upper subunit. The single CH domain was reported to target calponin to this same site on the ¢lament [71] , but biochemical, as well as in vivo, analysis demonstrated that in calponin, the CH domain alone is not su¤cient to establish the F-actin contact [115] and additional parts of the calponin molecule participate in the interaction [115^118]. Alternatively, proteins carrying a single CH domain may require dimerisation for actin-binding as was recently suggested for the signalling proteins IQGAP 1 [119] and Vav [120] .
How do the properties of the CH domain ¢t under the above heading? The actual actin-interacting residues of both CH domains in the CH^CH dimer in the crosslinking proteins are not de¢ned. Both biochemical and structural data lend credibility to the fact that both evolutionary related CH domains participate in the actin contact (note that this refers to contacting one ¢lament and that crosslinking implies the binding of two separate CH^CH repeats), but not in the same way and probably not to the same extent. Indeed, Way et al. [121] showed that the ¢rst CH domain of K-actinin can bind F-actin, but with a ten-fold lower a¤nity than the tandem CH repeat. In analogy, Goldsmith et al. [69] report that the second CH domain binds F-actin, albeit weakly. This makes a synergistic role of each of the two CH domains in generating a tight F-actin interaction by the crosslinking proteins the most probable scenario, implying that the domain duplication has added extra features. Similarly, in calponin the combined structural and functional data suggest that the single CH domain works in synergy with other parts of the molecule [115] .
Scenario 2: structurally similar actin-binding units target to similar parts of the actin molecule though with a di¡erent or enhanced e¡ect on actin dynamics
The most striking example of structural similarity connected to a grosso modo functional similarity is found for the F-actin-binding segment 2 of the gelsolin family and proteins of the co¢lin family. The latter display a mass that approximates that of a single gelsolin repeat. Co¢lin and its related proteins bind both G-and F-actin, but their most important functional e¡ect is to accelerate the rate-limiting step of the actin polymerisation cycle. Namely, they promote the dissociation of ADP subunits from the pointed end of the actin ¢lament and thereby speed up the turnover of ¢laments [41] . Lappalainen and Drubin [122] con¢rmed that a defect in co¢lin in yeast leads to a slower depolymerisation of actin ¢l-aments in vivo.
Hatanaka and colleagues [54] were the ¢rst to report the high structural similarity between gelsolin segments and destrin (a mammalian co¢lin homologue). Their observation was con¢rmed by the elucidation of the three-dimensional fold of the co¢lin isoforms from yeast [33] and Acanthamoeba castellanii [55] . This similarity between gelsolin segments and co¢lin had passed unnoticed when only the primary structures were available as these are only about 18% identical [55] . However, as illustrated in Fig. 3B , the topology of their folds is identical, except for the NH 2 -and COOH-terminal part and the linker between L-strands B and C. Comparing gelsolin segments 1 and 2 demonstrates, however, that these regions, which di¡er between co¢lin and the gelsolin segments, are also divergent within gelsolin segments, strengthening the relation between the gelsolin and co¢lin family. Inevitably, the question arises whether this similarity is the result of convergent or divergent evolution. The low sequence identity seems to support the former option, although a study by Rost [123] proves that this does not form a conclusive argument as this author shows that both scenarios can lead to sequence identity as low as 10%.
More importantly, the topology diagrams (Fig.  3A,B) clearly illustrate that the DK 1 E-actin-binding module of gelsolin segments (see above) is also present in the co¢lin proteins. In vitro assays with mammalian and yeast co¢lin or with Acanthamoeba actophorin have shown that residues of the K 1 -helix and of the D-K 1 -loop are indeed participating in the actin interaction of these proteins ( [23, 31, 32, 124, 125] and Van Troys et al., unpublished results). Because the K 1 -helix in gelsolin S1 [4] , gelsolin S2 [93] (see above) and in co¢lin interacts with actin, the question arose whether a functional resemblance exists between co¢lin and either of these gelsolin segments. As pointed out above, gelsolin segment 1 binds to the barbed end of ¢laments, whereas segment 2 binds along the side of the ¢lament. We recently demonstrated that the DK 1 E structural module in co¢lin functions in a way analogous to the one of the Factin-binding segment 2 of gelsolin [32] . Competition experiments with either intact co¢lin and gelsolin segments or with chemically synthesised peptides that correspond to the DK 1 sequence of co¢lin or gelsolin S2 indicate that the actin-binding module of co¢lin targets this protein to the same or a very similar binding site on the actin ¢lament to which also the gelsolin segment 2 binds [32] . This is supported by a conservation of positive charges, which in co¢lin are implicated in the actin contact, on the surface site of the gelsolin S2-and co¢lin K1-helices (Fig. 3D) [32] . Using cryo-electron microscopy and image analysis, the binding site of gelsolin segment 2 was shown to lie between two neighbouring subunits along the ¢lament axis contacting subdomains 1 and 2 of the lower and subdomain 1 of the upper subdomain [94, 95] . Recently, using the same approach, it was con¢rmed that also co¢lin binds to this site [126] .
Although the presence of the similar actin-binding module appears to target proteins of the gelsolin (via S2) and co¢lin families to a similar site on the ¢la-ment, their overall subsequent e¡ect on actin dynamics appears not the same. As described above, gelsolin severs and caps ¢laments, whereas co¢lin promotes a faster depolymerisation of their ADPcharged parts. The co-operative action of the gelsolin segments can obviously account for this, as well as interactions made by those parts of the molecule in which structural di¡erences are observed (see Fig. 3  A,B) . Using an alanine scanning mutational analysis, Lappalainen et al. [31] indeed show that in addition to residues in the above-described actin-binding module, residues in the co¢lin NH 2 -and COOH-terminus are also involved in the yeast co¢lin^F-actin interaction. In addition, the sequence variation between gelsolin S2 and co¢lin, also in the DK1E module, may result in speci¢c e¡ects, i.e. the stabilising e¡ect of gelsolin S2-binding (Van Troys et al., unpublished results) versus the faster turnover induced by co¢lin-binding [41] .
The recent discovery of a duplicated form of co¢-lin by the group of Drubin [56] provides a fascinating sequel to this co¢lin story. The yeast protein twin¢lin (with homologues in humans and mice) consists of two repeats, each having approximately 20% identity to yeast co¢lin and most likely a similar fold as the latter. Unlike co¢lins, the actin-binding e¡ect of twin¢lin seems restricted to strong actin monomer sequestration and does not include enhancing the rate of pointed end ¢lament dissociation [56] .
In this respect, twin¢lin displays a similar e¡ect as the actin-binding protein actobindin from A. castellanii. This small 88-residue-long protein consists of an internal tandem repeat (38/39 amino acids long) [127] and each repeat is able to contact one actin monomer at a similar site [24, 128] . The bound actin dimer is, however, not favourably orientated to promote nucleation of actin ¢laments [129, 130] and therefore, the strong inhibitory e¡ect of actobindin on actin polymerisation [131] is a direct consequence of its duplicated nature. A similar protein is present in Entamoeba histolytica [132] (accession number AB002757) and it has been suggested that actobindin is a duplicated form of the monomer sequestering protein TL4 [133] . Interestingly, we recently found a Caenorhabditis elegans protein [134] (genome sequencing project, predicted protein encoded by cDNA CEESP89F) that contains three (or perhaps four) such repeats. From the alignment of the two actobindin repeats, it is obvious they start with the actin-binding motif LKHAET. Fig. 4A shows the alignment of the repeats from actobindin, its Entamoeba homologue, TL4, a possible TL4 homologue from Hiduro nipponia (the ¢rst indication of a true Lthymosin in lower invertebrates (accession number D63651)) and the C. elegans protein. Given the repeated structure, aligning TL4 is not straightforward. In separate alignments, it scores best with the COOH-terminal part of the ¢rst repeat and the NH 2 -terminal part of the second repeat from the C. elegans and the Entamoeba protein, but with the ¢rst repeat from Acanthamoeba (despite the fact that the Acanthamoeba and Entamoeba homologues are 58% similar). Therefore, we tentatively position TL4 as is shown in Fig. 4B and suggest it contains part of the ¢rst and part of the second repeat. If true, this indicates that TL4 is a remnant of an originally duplicated form (like, for instance, actobindin) which has subsequently lost parts of both repeats. Future studies on the C. elegans protein will have to reveal the nature of the actin interaction of its individual repeats and whether they display a similar synergistic e¡ect as found for actobindin. The co¢lin/twin¢lin and the actobindin/TL4/`C. elegans protein' proteins form yet other examples that duplication and subsequent diversi¢cation (and possibly deletion) have formed a recurrent theme, leading to the extensive variation in the family of actinbinding proteins. Those cases that have been studied, show this resulted in synergistic e¡ects on actin dynamics. Whether this is based on targeting of the repeated domains of these proteins to similar sites on the actin molecule^and consequently showing whether these protein sets also ¢t in our second evolutionary scenario^will be revealed by future studies on their respective interfaces with actin.
A seemingly similar overall tertiary structure to the one described for the gelsolin segments has also been observed in another family of actin-binding proteins, namely the pro¢lin family. These small proteins are widespread and in many organisms multiple isoforms have been identi¢ed. They are extremely versatile both in their number of binding partners (actin [135] , polyproline [136] , polyphosphoinositides [137] and a multiprotein complex containing two actin-related proteins ¢rst isolated from Acanthamoeba [138] ), and in their e¡ect on actin polymerisation [40, 139] . Fig. 2B shows the three-dimensional structure of bovine pro¢lin demonstrating that, in analogy with segments of gelsolin and with co¢lins, it consists of a central L-sheet sandwiched on either site by a couple of K-helices, although the diagram in Fig. 3C reveals that this global structural similarity has a di¡erent topology. However, at present, we can only speculate whether this is another example of topological isomers as has been described for other evolutionary related proteins (see [140] ). Bovine pro¢lin is shown, but the tertiary structures of pro¢lins from Acanthamoeba and plants have also been elucidated (references in Table 4 ). In spite of their low sequence identity (30%), their fold is well conserved and variation is limited to the region between strands B and C, in the length of the loop between C and D (plant pro¢lins) and in the orientation of the NH 2 -terminal helix (birch pro¢lin) [27, 61] . In a recent report, Thorn and colleagues [27] present a detailed structure comparison of plant, amoeba and vertebrate pro¢lins. Only four out of the 16 pro¢lin amino acids that, based on the L-actin^bovine pro¢lin complex, interact with actin, are structurally conserved. Although several studies prove that the overall properties of pro¢lins from di¡erent species are the same in vitro and in vivo (references in [141] ), the poor conservation of actin interacting residues may re£ect subtle, but functionally relevant, variation in the interaction of di¡erent pro¢lins with actin as already suggested by the observation that, unlike vertebrate pro¢lins, Arabidopsis pro¢lin does not increase the rate of nucleotide exchange [142] .
Analysis of co-crystals of actin with gelsolin segment 1 [4] and with bovine pro¢lin [5] revealed that this similar fold allows both gelsolin S1 and pro¢lin to bind in the cleft between actin subdomains 1 and 3, to make contacts with both subdomains and thereby ¢t in the presented scenario. This binding site on actin overlaps with an actin^actin contact and can explain the sequestering activity of pro¢lin [40] as well as the interaction of both gelsolin S1 and pro¢-lin with free barbed ends [36, 40, 143] . However despite these similarities in the target site, functional di¡erences are observed between pro¢lin and isolated S1 with regard to this last activity. S1 stays tightly bound to the ¢lament end and prevents further elongation or depolymerisation, whereas pro¢lin functions as a monomer shuttle: pro¢lin^actin complexes bind to the end, whereupon pro¢lin rapidly dissociates, possibly as a consequence of ATP hydrolysis [142] . Consequently, the pro¢lin^actin interaction must be more sensitive to the conformational changes which an actin subunit undergoes upon incorporation and ATP hydrolysis. In agreement with this, pro¢lin has a higher a¤nity for ATP than for ADP^actin, whereas the inverse is true for gelsolin [40, 144] . The globally analogous contacts of S1 and pro¢lin on actin domains 1 and 3 are established through di¡erential interactions from which the different functional e¡ects described above may originate. In both proteins, the long K-helix in the COOH part participates in the interaction, but is positioned in a slightly di¡erent manner in the cleft between the two actin subdomains. In addition, strands or strand-connecting strands of the underlying L-sheet of each protein make di¡erent contacts with each of the two subdomains (Fig. 3A,C) . Fig. 5 illustrates the striking similarity between the primary structure of the actin-binding regions of Lthymosins and the headpiece of villin, dematin and Dictyostelium protovillin. The consensus consists of a stretch of hydrophobic residues (H) preceding an LKK sequence (HxxHxxHxxxLKK) and is strongly conserved in all L-thymosin and headpiece sequences (see also repeat 1 in Fig. 4A ). The importance of the latter three amino acids in the interaction with actin has been demonstrated for both TL4 [133, 147] and the villin headpiece [148, 149] . In addition, TL4 and a synthetic peptide corresponding to the last 22 residues of the villin headpiece compete for binding to actin [147] , suggesting that TL4 and the villin headpiece also form a protein pair that interacts with a similar site on the actin molecule. Do they share a similar actin-binding module? Structural data suggest this may only be partly the case. The hydrophobic patch in TL4 forms one side of an actin interacting NH 2 -terminal amphipatic K-helix [147] and NMR solution structures of TL4 [150, 151] suggest that this NH 2 -terminal helix stops at the LKK sequence. Moreover, mutational analysis strongly suggest that the LKK sequence in TL4 does not adopt an K-helical structure in order to establish the contact with actin (Rossenu et al., submitted, Siminel et al., unpublished results). In contrast, the three-dimensional structure of the COOH-terminal 22 and 35 amino acids of the villin headpiece [62, 152] demonstrate that the entire sequence considered in the alignment in Fig. 5 is mostly K-helical (Fig. 2C) . The last 35 residues form a highly stable con¢gura-tion of three short tightly packed K-helices that surround a hydrophobic core [62] . Two of the residues of the hydrophobic patch (in common with TL4, see Fig. 5 ) are solvent exposed in the headpiece fold as in TL4, but their position and orientation relative to the LKK motif is expected to be di¡erent from the one in TL4 in view of the fact that in the latter the motif is probably not in an K-helical con¢guration. In the absence of structural data on the actin^TL4 and actin^villin headpiece complex, an interpretation of these structural di¡erences remains di¤cult. However, an intriguing viewpoint is that these di¡erences are a re£ection of the conformational switch between ligands that preferentially bind monomeric (TL4) or polymerised actin (villin headpiece). In this respect, it is noteworthy that not only peptides of the villin headpiece, but also a TL4 variant with a mutation in the motif, have been shown to induce actin to polymerise in the absence of salt [133, 148] as well as the fact that TL4 can, albeit only at high concen- Fig. 5 . Alignment of the primary structures from the COOH-terminus of human villin [145] , dematin [63] and protovillin [64] and from the NH 2 -terminal part of human TL4 [30, 146] . The amino acids that are part of the consensus sequence (HxxHxxHxxLKK) are shown in blue. trations and with a low a¤nity, form a complex with F-actin [153] .
Conclusions
Previous classi¢cations of actin-binding proteins employed functional characteristics [102, 154, 155] or the primary structure [46] and whereas these were useful and valid approaches, using these criteria a particular protein could often be assigned to two functional classes (e.g. pro¢lin, co¢lin) or relationships between actin-binding proteins remained unnoticed (e.g. gelsolin S2 and co¢lin). The recent boom in tertiary structure determination within the ¢eld of actin-binding proteins allows readdressing classi¢ca-tion. Indeed, di¡erent actin-binding proteins share similar three-dimensional modules with actin-binding capacity. Thus, at present, it is probably more instrumental to build a classi¢cation based upon these structural modules rather than on the entire protein. Subsequently, this structural similarity provides a valuable starting point in the study of structuref unction relationships and for de¢ning docking sites on actin, since, as repeatedly illustrated by the examples in this review, identifying a`common structural domain' does not necessarily imply one can immediately derive or associate a precise function common to that particular class. This is in agreement with a recent global analysis of the relationships between protein fold and function [156] .
4.1. What are the possible evolutionary strategies that have led to the structure^function relationships observed within the current actin system?
The multitude of actin-binding proteins in a cell (e.g. in yeast, a relatively simple eukaryotic organism, 38 known actin-binding proteins are present (Yeast genome directory [157] )) all bind to a rather limited area of the accessible surface of the actin molecule. Hence from an evolutionary point of view, one can expect that once a given actin-binding module with a particular docking site on actin has arisen, the actin-binding protein may have evolved with a gain in function or an altered activity, though still interacting with a similar binding site on actin. This scenario implies two possible routes (Fig. 6A,B) .
In a number of cases, the change will not a¡ect the manner in which the module contacts actin but rather the way it is regulated or a second activity, thereby providing possibilities for ¢ne-tuning the temporal and spatial actin organisation in the cell (Fig. 6) . Examples of this pathway^that is quite common, but is out of the scope of this reviewâ re numerous: the di¡erent a¤nities of pro¢lin isoforms for either phospholipids or polyproline-rich sequences [60] , the di¡erences in Ca 2 -dependence between members of the gelsolin family (e.g gelsolin and adseverin [37, 158] , gelsolin and villin [159] ) or the di¡erent activities linked to actin-binding within the classes of unconventional myosin [160] . However, in other cases (described in Section 3.2) actin-binding modules will contact nearly the same site on the actin molecule by a number of conserved residues, whereas neighbouring residues are changed and cause a di¡er-ent e¡ect on actin dynamics (Fig. 6B) .
Perhaps a more interesting evolutionary route, is when, after duplication of a structural module, these remained associated, resulting in synergistic e¡ects (Fig. 6C,D , described in Sections 3.1 and 3.2) A priori, after such a duplication, two scenarios are possible: either both modules are fully functional and target to similar sites on actin or only one module remains functional and the binding site of the other becomes cryptic or occluded. In the ¢rst case, this can easily result in co-operation between the duplicated sites which may be advantageous for the cellular system (e.g. actobindin and possibly twin¢lin) (Fig. 6C) . In the second scenario, one of the modules is allowed to undergo mutational drift. This may result in an unstable fold which is obviously selected against; on the other hand, other amino acid exchanges may leave the original three-dimensional sca¡old intact, but change the surface, ultimately leading to a gain of function (Fig. 6D) . It is a somewhat puzzling observation that in the actin system selection for an additional and di¡erent actin-binding site has been preferred rather than any other gain of function module. From the three examples discussed above (gelsolin, scruin, calponin homology domains), it is evident this occurred during evolution. For instance, after duplication of segment 1 or 2 it evolved from barbed end capping (S1) or ¢lament side binding (S2) to e¤cient severing (S1+S2). Could it be that the physical linkage of a functional actin-binding module to the mutationally drifting module^target-ing the latter constantly to the close vicinity of the repetitive actin ¢lament structure^has promoted the selection of complementarity to a di¡erent site on actin? Alternatively, part of the problem may be that people have not looked hard enough for other functions in modules that originate from ancient actin-binding units. It may well be that, for instance, other gelsolin segments (S3, S5, S6) serve a di¡erent function than a mere spacer for Ca 2 regulation by interacting with as yet unknown partners. Understanding the complex relationships of apparently structurally similar units coupled to functional diversity in the actin system forms a major challenge for the future.
Note added in proof
The participation of both CH-domains (CH1 and CH2)^with a dominant role for CH1^has recently also been put forward by ¢tting the ¢mbrin crystal structure to helical reconstructions of ¢mbrin decorated actin ¢laments. Hanein, D., Volkmann, N., Goldsmith, S., Michon, A.-M., Lehman, W., Craig, R., DeRosier, D., Almo, S. and Matsudaira, P. An atomic model of ¢mbrin binding to F-actin and its implications for ¢lament crosslinking and regulation. Nat. Struct. Biol. 5 (1998) 787^792.
